The continuous TiO 2 fibers have been synthesized by the sol-gel method using the polymer of titanate as the precursor solution. The as-synthesized samples were characterized using XRD, SEM, and HR-TEM analysis methods. The grain growth kinetics was primarily investigated. The results demonstrated that the average diameters of the fibers were in the range of 20-30 μm, the crystal phase of the synthesized TiO 2 fiber was transformed from anasate to rutile, and the crystal size became bigger with increasing the temperature using steam activation. The growth exponent and the constant of growth rate of the rutile crystal phase at 500
Introduction
Since Fujishima and Honda discovered the photocatalytic splitting of water on a TiO 2 electrode under ultraviolet light [1] , enormous efforts have been devoted to the research of TiO 2 material due to its excellent optical, electrical, photocatalytic, and thermal properties, which has led to many promising applications in areas ranging from photovoltaics and photocatalysis to sensors and potential tool in cancer treatment [2, 3] . It is well known that TiO 2 nanomaterials are playing and will continue to play an important role in the protections of the environment and in the search for renewable and clean energy technologies [4, 5] . Controlling the morphological properties of materials during synthesis is of great importance, as these structural characteristics strongly influence their performances and purposes. In order to maximize its performance, much effort has been dedicated to designing and controlling the morphology of TiO 2 from the macroscopic to the nanometer scale [6] [7] [8] , such as nanorods, nanoflowers, nanotubes, nanofibers, and hollow spheres. However, it is still facing challenge during the application of these materials in wastewater disposal due to difficult separation from solution because of their microsize [9] . Due to the very large aspect ratios (length to diameter) of fiber, photocatalyst in the form of fiber is superior to particles as far as the recycling and aggregation are concerned. On the other hand, it is generally accepted that the properties of TiO 2 fibers depend on their microstructure, morphology, porosity, and crystallinity. Preparation methods enabling the control of the structural properties are especially desired [10, 11] . Since 1934, Formhals patented the first invention of electrostatic spinning of fibers [12] . Several preparation methods of TiO 2 fibers have been reported [13] [14] [15] , such as the KDC (kneading-drying-calcination) method, sol-gel process, hydrothermal method, and electrospinning.
As we known, the thermal treatment process would play a critical role in controlling the physicochemical properties of ceramic materials and catalysts using sol-gel methods. In our previous work [16] , we have reported that the 100
• C, 500
• C, freeze drying, and microwave heating pretreatment process have obviously affected morphology, crystallinity, and optical properties of sol-gel-derived TiO 2 film due to the different heating mechanism. The steam activation has been used as an effective thermal treatment process to synthesize the activated carbon fibers (ACFs) [17, 18] . However, to our knowledge, there is no report on the effect of the steam activation thermal treatment process on the microstructure of continuous TiO 2 fibers.
In this work, the continuous TiO 2 fibers have been synthesized by the sol-gel method using the polymer of titanate as the precursor solutions. The effects of the time and the temperature during steam activation thermal treatment process on the microstructure of the as-synthesized samples were characterized using X-ray diffraction (XRD), scanning electron microscope (SEM), and high-resolution transmission electron microscopy (HR-TEM) analysis methods. The nanocrystalline growth kinetics mechanism inside continuous TiO 2 fibers was primarily investigated. • C to prepare the spinnable solution, corresponding to the viscosity of 5 Pa·s. Then, the long continuous precursor fibers were obtained by homemade spinning apparatus. After calcined at 300-800
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• C with steam activation, the continuous TiO 2 fibers have been prepared.
Characterization.
Crystal structures of the synthesized TiO 2 fibers were identified by X-ray diffraction (XRD) using a Rigaku D/max 2550 diffractometer with graphite monochromatized Cu K α radiation (λ = 1.54056Å). The different patterns were collected at a step of 0.02
• in the 2θ range from 10
• to 80
• . The accelerating voltage and the applied current were 50 kV and 100 mA, respectively. Phases were measured using the Search/Match capabilities of the JADE 5.0 program along with the ICDD (International Center for Diffraction Data) powder diffraction file (PDF) database. TiO 2 fiber morphology was characterized by scanning electron microscopy (SEM, JSM-6700F) at an operating accelerating voltage of 20 kV and high-resolution transmission electron microscopy (HR-TEM, JEM-3010) at accelerating voltage of 200 kV, respectively. In a typical SEM measurement, the samples were mounted on a 200 mesh carbon-coated copper grid and sputtered with a gold-palladium alloy to prevent electrical charging during the SEM analysis. The specimens for TEM imaging were prepared by suspending solid samples (the fibers were milled by agate mortar) in absolute ethanol and immediately evaporated at ambient temperature.
Results and Discussion
The XRD patterns of the heat-treated continuous TiO 2 fibers at 300-800
• C using steam activation for 90 min are shown in Figure 1 , which revealed the presence of anatase and/or rutile phases of TiO 2 depending on the calcination temperatures. The presence of peaks can be readily indexed to diffraction peak of anatase phase TiO 2 (JCPDS 21-1272) and rutile phases of TiO 2 (JCPDS 21-1276), respectively. At 300 and 400
• C, all the peaks can be assigned to anatase TiO 2 and the peaks appear broad indicating that the crystalline is not very well. Besides the peak of anatase TiO 2 , the new peaks associated with rutile phases of TiO 2 were observed in the pattern of the sample after calcination at 500
• C. The results indicated that the phase transformation from anatase to rutile appeared at 500
• C. With the increase of temperature from 600 • C to 800
• C, the anatase to rutile phase transformation had already completed. The crystallite size (D) of anatase and rutile TiO 2 inside the continuous fibers were estimated using the Scherrer formula:
where B is the half-width of the diffraction peak, θ is the diffraction angle, and λ is the X-ray wavelength. Figure 2 shows a plot of the crystal size of anatase and rutile TiO 2 as a function of calcination temperature. The crystal size of anatase TiO 2 increased slowly from about 12.2 nm at 300 • C to 36.9 nm at 500
• C, while the crystal size of rutile TiO 2 rapidly increased from 58.6 nm to 122.8 nm with increasing the calcination temperature from 500
• C to 800 • C. The results indicated that the crystal size became bigger with increasing the thermal treatment temperature using steam activation. Figure 3 shows the XRD patterns of the continuous TiO 2 fibers calcined 500
• C at different thermal treatment times using steam activation. It can be seen that the synthesized continuous TiO 2 fibers appear at the anatase and rutile phases. The peaks of anatase phases became gradually weaken and that of rutile phases were enhanced evidently with increasing the steam activation times. The results indicated that it was beneficial for the continuous TiO 2 fibers to produce phase transformation from anatase to rutile with increasing the steam activation time. By using the Scherrer's formula, effect of the different thermal treatment times on the average crystal sizes of TiO 2 calcined 500
• C are shown in Figure 4 . The crystal size of anatase crystalline phase increased from 18.5 nm to 37.4 nm, and the crystal size of rutile crystalline phase increased from 44.6 nm to 58.6 nm. The crystalline size of anatase phase first increased rapidly, and then kept constant, whereas that of rutile phase gradually Journal of Nanomaterials increased with increasing the steam activation time. The mass fraction of anatase phase (W A ) at one temperature can be calculated from the following formula [19] :
Here W A is the mass fraction of anatase, and I A and I R represent the integrated intensities of the anatase (101) and rutile (110), respectively. The W A values were 73.3%, 32.2%, 31.3%, 16.8%, and 11.9% for 500
• C calcination using steam activation 30 min, 60 min, 90 min, 120 min, and 150 min, respectively. The mass percentage of anatase phase decreased gradually with increasing the time of steam activation. • C, 500
• C, and 700
• C using steam activation for 90 min. At 300
• C calcination using steam activation, the particle size of TiO 2 with uniform distribution was about 15 nm in diameter ( Figure 5(a) ). Also, we know that the lattice images are interference patterns between the direct beam and diffracted beams in HR-TEM, and the spacing of a set of fringes is proportional to the lattice spacing, when the corresponding lattice planes meet the Bragg condition. It showed faintly lattice fringes, which was in good agreement with the peaks appearing broad from XRD analysis. It could be seen that the crystalline size of the 500
• C calcination became obviously increasing compared with that of 300
• C calcination from Figures 5(c) and 5(d). The crystalline size involved two types: the smaller size (about 30 nm) and the bigger size (about 50 nm). The lattice fringes appeared clear, indicating that the crystalline was well. For the samples of 700
• C calcination using steam activation, the crystalline size was about 100 nm and the lattice fringes were very clear. The results indicated that the crystalline size appeared bigger, and the crystalline degree was better with increasing of calcination temperature, which was in good agreement with the results from XRD analysis.
To demonstrate the effect of calcination temperature using steam activation on the particle of surface and the structure inside the continuous TiO 2 fibers, SEM images Journal of Nanomaterials of the continuous TiO 2 fibers calcined 300
• C using steam activation for 90 min were shown in Figure 6 . From the SEM image, it can be seen that the asprepared fibers have smooth surfaces and are composed of spherical shape nanoparticles, and the crystalline size gradually increased with increasing the calcination temperature. The average diameters of the fibers are in the range of 20-30 μm, and the length could reach tens of centimeters, even in continuous fibers (>1 m). In the middle layer, particles arrayed loosely because of the heat treatment were infiltrated gradually from surface to inside. Grain clusters were formed in the inside layer. As may clearly be seen, some small pores are observed, which is beneficial for being used as catalyst supports because of large surface areas. Because TTBO can be rapidly hydrolyzed by moisture in air, continuous networks (gels) of TiO 2 sols formed in the nanofibers after they had been forced out of the tip of the needle during spinning of the TiO 2 precursor [20] . Solidification occurs more rapidly in the sheath than in the core [21] . As a result, microphase separation between TiO 2 and the PVP solution occurred during solidification. However, it could be seen that the crystalline size of the 500
• C calcination using steam activation was rather complicated. As mentioned above, the fibers annealed at 500
• C using steam activation exhibited rutile and anatase phases, which were the results from XRD and TEM analysis.
The grain growth depends on sintering temperatures and time, which can be analyzed by well-known grain growth kinetics equation [22, 23] :
where D is the final average grain size, D 0 is the initial average grain size, n is the growth exponent, k is a rate constant, k 0 is a preexponential constant, E is the activation energy of grain growth, R is the gas constant, and T is absolute temperature. When D 0 is significantly smaller than D, D n 0 can be neglected relative to D n . Equation (3) can be simplified as follows: By taking logarithms, (4) can be rewritten as
Based on (3) and results of Figure 4 , the relationship between ln D and ln t of the rutile crystalline phase in the continuous TiO 2 fibers was shown in Figure 7 . The n value and k value of rutile crystalline phase in the continuous TiO 2 fibers at 500
• C were 4 and 2.55 × 10 6 nm/h, respectively. The growth exponent of the rutile crystal phase inside the TiO 2 fiber was 4, and (4) can be rewritten as
Equation (4) can be rewritten as by taking logarithms:
Straight lines of ln D against 1/T (Figure 8 ) are plotted according to (7) . The activation energies at 500
• C∼700
• C and 700
• C∼800
• C were 38.62 kJ/mol and 143.91 kJ/mol, respectively. The results explained that the crystal size of rutile TiO 2 increased slowly at 500
• C and rapidly increased at 700
• C, respectively. The kinetics of crystalline growth of rutile phase would become slow due to the diffuse of particle decreasing at relatively low thermal treatment temperature. The steam activation thermal treatment has more remarkable effects on the growth of nanocrystallites in the continuous TiO 2 fibers. increasing the thermal treatment temperture using steam activation. The crystal phase of the synthesized TiO 2 fiber was transformed from anasate to rutile crystalline phase increasing the steam activated time, and the amount of the anatase crystalline phase decreased from 73.3% to 11.9%, the crystal size of anatase crystalline phase increased from 18.5 nm to 37.4 nm, and the crystal size of rutile crystalline phase increased from 44.6 nm to 58.6 nm. The growth exponent and the constant of growth rate of the rutile crystal phase inside the TiO 2 fibers were 4 and 2.55 × 10 6 nm/h, respectively. The activation energies of crystalline growth were 38.62 kJ/mol and 143.91 kJ/mol in the thermal treated temperture range of 500
Conclusions
• C, respectively. The results show that steam activation thermal treatments have more remarkable effects on the growth of nanocrystallites in the continuous TiO 2 fibers.
